Trends in the hydrochemistry of acid-sensitive surface waters in the UK 1988–2008  by Monteith, D.T. et al.
T
1
D
a
b
c
d
a
K
A
R
O
E
B
C
F
m
T
1
hEcological Indicators 37 (2014) 287–303
Contents lists available at ScienceDirect
Ecological Indicators
journa l homepage: www.e lsev ier .com/ locate /eco l ind
rends in the hydrochemistry of acid-sensitive surface waters in the UK
988–2008
.T. Monteitha,∗, C.D. Evansb, P.A. Henrysa, G.L. Simpsonc, I.A. Malcolmd
Centre for Ecology & Hydrology, Lancaster Environment Centre, Library Avenue, Bailrigg, Lancaster, LA1 4AP, UK
Centre for Ecology & Hydrology, Environment Centre Wales, Deiniol Road, Bangor, LL57 2UW, UK
Environmental Change Research Centre, Department of Geography, Pearson Building, University College London, Gower Street, London, WC1E 6BT, UK
Marine Scotland Freshwater Laboratory, Faskally, Pitlochry, Perthshire, PH165LB, Scotland, UK
r t i c l e i n f o
eywords:
cidiﬁcation
ecovery
rganic acids
xtremes
uffering
limate
orestry
a b s t r a c t
We conducted complementary linear and non-linear statistical modelling of the ﬁrst 20 years of hydro-
chemical data from the 22 lakes and streams of the UK Acid Waters Monitoring Network (AWMN) in
order to assess temporal patterns and rates of change in indicators of the key drivers of surface water
acidiﬁcation andacidity status. Over theperiod1988–2008, concentrations of non-marine sulphate (i.e. of
anthropogenic origin) fell in line with reductions in non-marine sulphur deposition, the principal driver
of acidiﬁcation. Most of the decline was conﬁned to the latter half of the 1990s. Whilst these reductions
were substantial, concentrations in recent samples from the most contaminated sites remained several
times higher than those in the most remote, low-deposition regions. Nitrate (NO−3 ) concentrations also
declined slightly at several sites in northern England and Wales, possibly reﬂecting a recent regional
reduction in N deposition. Further north, NO−3 concentrations increased slightly in some Scottish sites,
reﬂecting a continueddominance of climatic variation onnitrogen cycling in this region. A combination of
unusually high rainfall and seasalt inputs in the early years, gradual long-term reductions in hydrochloric
acid deposition, and later and more substantial reductions in sulphur deposition, appeared to account for
relatively linear increases in an alkalinity-based estimate of Acid Neutralising Capacity ([AB-ANC]) with
time. However, variation between sites in the size of the long-term trend in [AB-ANC] was most clearly
linked to the size of the long-term reduction in sulphate concentration.
The chemical characteristics of changes in [AB-ANC] across the network were dependent on rates of
change in acid deposition, the extent to which sites have previously acidiﬁed, and average dissolved
organic carbon concentration ([DOC]). In the most acidiﬁed waters, the response in acidity to reductions
in acid deposition was dominated initially by large reductions in inorganic aluminium concentrations
([Alinorg]. Responses in pH have become clearer at these sites as [Alinorg] has begun to stabilise. Over the
wider network, pH has been rising more rapidly in sites with lower concentrations of organic acids. A
substantial proportion of the deposition-driven increase in [AB-ANC] at several sites is accounted for by
increases in [DOC]. For the non-acidiﬁed but acid-sensitive waters in the far north and west, changes in
[DOC] represent the only clear response to the small changes in sulphur deposition.
In the more acidiﬁed sites, a reduction in the size of occasional extreme concentrations of Alinorg, that
occur after periods of high rainfall or seasalt deposition events, has been more rapid than the declines
in average levels, implying that at most sites the persistence of these events should not be seen as an
additional barrier to ecological recovery. In a comparison of geographically paired sites with forested
and moorland catchments, consistently higher levels of inorganic aluminium concentration and lower
AB-ANC provided clear evidence that the former group had acidiﬁed to a greater extent. There were
few signiﬁcant differences in the rate at which non-marine sulphate concentration declined or AB-ANC
increased and the forested sites therefore remain in a more acidiﬁed condition.∗ Corresponding author at: Centre for Ecology & Hydrology, Lancaster Environ-
ent Centre, Library Avenue, Bailrigg, Lancaster, LA1 4AP, UK.
el.: +44 0 1524 595876; fax: +44 0 1524 61536.
E-mail address: donm@ceh.ac.uk (D.T. Monteith).
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1. Introduction
Open access under CC BY license.Since the onset of the industrial revolution, acidiﬁcation by
anthropogenic acid deposition has caused severe and widespread
ecological damage to surfacewaters draining theUK uplands. Acid-
iﬁcation has also affectedmany other geologically sensitive regions
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f northern Europe and North America. Under the auspices of the
nited Nations Economic Commission for Europe (UNECE) con-
ention on Long Range Transboundary Air Pollutants (LRTAP), the
nternational community has sought to reduce effects of acid depo-
ition on both freshwater and terrestrial environments through
he implementation of a series of emission reduction protocols,
RoTAP, 2012; Shilland et al., this issue). National environmental
onitoring systems designed to audit the efﬁcacy of their imple-
entation began to develop from the mid-1980s or later, and
enerally a decade or more after emissions peaked. The UK gov-
rnment’s observation system for assessing the impact of emission
eductions on the ecological health of acid-sensitive freshwaters,
he UK Acid Waters Monitoring Network (AWMN) and the princi-
al subject of this Special Issue (see Shilland et al., this issue), was
stablished in 1988.
Theprimary criterion in the selectionof the22 lakes and streams
or the AWMN was high acid sensitivity, as determined by low
oncentrations of base cations in runoff. From the outset of mon-
toring, however, there were wide differences between sites in
ater acidity, reﬂecting: large southeast to northwest gradients in
cid deposition; greater acidic inputs in forested vs moorland sites
esulting from enhanced interception by forest canopies; and, dif-
erences in geological acid-sensitivity (Monteith and Evans, 2005;
attarbee et al., 2005). Concentrations of non-marine sulphate
xSO2−4 ], i.e. total sulphate minus an estimated marine fraction,
ere highest for the network in the Old Lodge stream in southeast
ngland and the River Etherow in the southern Pennines, consis-
entwith their locationswithin regions of particularly high sulphur
eposition. These sites, in addition to two of the most weakly
uffered sites in areas of intermediate deposition slightly further to
he north andwest, Blue Lough in theMourneMountains and Scoat
arn in the English Lake District, also exhibited the lowest levels
f pH and some of the highest concentrations of labile (i.e. inor-
anic) aluminium (Alinorg), the latter considered to be substantially
bove toxicity thresholds for a range of acid-sensitive aquatic biota
including salmonids such as brown trout, and several macroin-
ertebrate taxa (Baker and Schoﬁeld, 1982; Warby et al., 2008;
roglund et al., 2008; and see Malcolm et al., 2014; Stockdale et al.,
014). At the other extreme, Coneyglen Burn in the Sperrins of
orthern Ireland and Loch Coire nan Arr in the northwest Scot-
ish Highlands exhibited the lowest acid anion concentrations (i.e.
SO2−4 ] and nitrate ([NO
−
3 ])), and were amongst the least acidic,
ith negligible, and biologically benign [Alinorg]. Overall, sites fed
y forested catchments were found to have higher [SO2−4 ], [NO
−
3 ]
nd [Alinorg] and lower pH than nearby moorland sites (Monteith
nd Evans, 2000).
The ﬁrst evidence from the AWMN for long-term downward
rends in the main driver of acidiﬁcation, i.e. declines in [xSO2−4 ],
merged after around 15 years of monitoring. This followed a new
hase of emission controls onUKplant, including the ﬁtting of ﬂue-
as desulphurisation (FGD) technology on some of the UK’s largest
ower stations in the mid 1990s (Rose and Monteith, 2005). Davies
t al. (2005) reported small signiﬁcant increases in pH and Acid
eutralising Capacity [ANC] and reductions in [Alinorg] at aminority
f sites for the period 1988–2003. These were broadly consistent
ith the measured reductions in [xSO2−4 ] and provided the ﬁrst
ational-scale evidence that the water chemistry of these acidi-
ed systems was in a process of recovery. More recently, widely
eported increases in the concentration of dissolved organic carbon
DOC) have also been linked to the process of recovery from acidiﬁ-
ation (e.g. Stoddard et al., 2003; Evans et al., 2006; Monteith et al.,
007).
Todayprogress in the chemical healthof acidiﬁed surfacewaters
n the UK and internationally is increasingly well documented (e.g.
vans et al., 2001b; Davies et al., 2005; Skjelkvåle et al., 2007;
riscoll et al., 2007; Warby et al., 2008; Sucker et al., 2011) buticators 37 (2014) 287–303
uncertainties remain about the character, sustainability and eco-
logical signiﬁcance of recovery. There are particular concerns over
the extent to which occasional hydrochemical extremes may con-
tinue to pose a barrier to ecological recovery (Kowalik et al., 2007),
and whether waters in catchments that are managed for conifer-
ous forestry remain more at risk from the continuing effects of
acidiﬁcation than other land uses (Dunford et al., 2012).
To date, trends in AWMN hydrochemical data have been
describedmostly through linear statistics. However, as the datasets
lengthen it has become pertinent to consider departures from lin-
earity. This is necessary to determine whether recovery is being
sustained or has faltered, and to allow a more detailed compar-
ison of temporal changes between determinands and between
sites. In this paper we therefore apply both linear and non-linear
modelling techniques to summarise change in the hydrochemi-
stry of AWMN lakes and streams over the ﬁrst two decades of
monitoring.
2. Methods
2.1. Hydrochemistry
We assessed water chemistry data for the 22 AWMN sites (see
Shilland et al., this issue, for site descriptions) for the period 1988
to March 2008. The data represent quarterly samples for lakes
and monthly samples for streams and include: indicators of the
key drivers of acidiﬁcation, i.e. concentrations of the acid anions
SO2−4 , NO
−
3 , Cl
−, and non-marine sulphate xSO2−4 – calculated in
units of equivalence as [SO2−4 ] – 0.104× [Cl−] (according to the
ratio of Cl− to SO2−4 in seasalt); conventional indicators of chem-
ical responses (i.e. pH, [Alinorg] and Gran Alkalinity; concentrations
of the base cations calcium ([Ca2+]), magnesium ([Mg2+]), sodium
([Na+]), potassium ([K+]); and, ([DOC]). The majority of samples
have been analysed by laboratories operated either by the Centre
for Ecology & Hydrology, (Wallingford, Lancaster or Bangor), or the
Marine Scotland Freshwater Fisheries Laboratory, Pitlochry, using
methods calibrated speciﬁcally for low ionic strength waters. All
chemical analyses are performed on 0.45m Whatman cellulose
nitrate ﬁltered samples. Analyses follow strict protocols, ensuring
intra- and inter-site comparability (Patrick et al., 1991) and have
been subjected to rigorous analytical quality control comparisons
(Gardner, 2008).
Acid Neutralising Capacity (ANC) was determined from
an alkalinity-based ionic balance using an approach pio-
neered by Neal et al. (1999) and Harriman and Taylor (1999),
i.e.: [ANC](eq L−1) = [Gran Alkalinity] (eq L−1) + (F× [DOC]
(mgL−1)−3×Alinorg (mol L−1). In this model, an assumption is
made that the acid-base properties of DOC are uniform across sites,
and thus that organic acid dissociation is a predictable function
of pH (e.g. Hrusˇka et al., 2003). The coefﬁcient F represents the
charge density (in eqmg−1 C) of DOC at the equivalence point
and estimated for Scottish upland waters by Harriman and Taylor
(1999) as 4.5 for samples with a pH of 4.5–5.5 and 5.0 for samples
with a pH>5.5. All Alinorg at the equivalence point is assumed to
be in the form Al3+. The method also assumes negligible inﬂuences
from other components, such as iron (Fe) and boron (B). To avoid
confusion with the more commonly applied expression of ANC, i.e.
the difference between the equivalent sums of base cations and
acid anions, our alkalinity-based metric is denoted throughout
this paper as AB-ANC. Evans et al. (2001c) argued that for sites in
marine-inﬂuenced areas, where levels of [Cl−] and marine baseapproximation of ANC than the conventional method, as the latter
is more vulnerable to the potential compound errors of seven (or
more) determinands in the calculation.
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.2. Statistical analysis
We used two statistical approaches to provide an overview
f hydrochemical trends at different temporal scales. In order to
etermine the signiﬁcance of short-term changes, convey the tim-
ng of key shifts and ﬂows in the data, and compare patterns of
hange qualitatively between sites and between variables, we ﬁt-
ed non-linear smoothers to the hydrochemical data.We then used
simple linear model to express change over the course of the
hole time series as a single statistic, enabling rates of change in
hese determinands to be compared quantitatively between sites
nd between variables. These approaches are complementary and
an aid in each other’s interpretation. For example, if the concen-
ration of a solute exhibits commonnon-linear features across sites
ithin a region (i.e. they are coherent) this is often indicative of
common driver, or set of drivers. Differences between sites in
he overall rate of change in the determinand can then be used to
nform how the pressure from the driver varies spatially.
Exploratory analysis of thehydrochemical time series suggested
hat trends within individual determinands were non-linear but
mportantly, were also non-monotonic. Neither parametric linear
egression models nor non-parametric Mann–Kendall procedures
re able to capture the shorter-term, local, variation in the mean
n such time series. To achieve this in a manner that was consis-
ent across sites and variables we ﬁtted semi-parametric additive
odels (AMs) to the data.
AMs allow for smooth trends to be estimated from the data
sing penalised regression splines. The following AM was ﬁtted to
ach series:
i = ˇ0 + f1(timei) + f2(doyi) + εi, ε = N(0, 2) (1)
here yi are the observed hydrochemical data, ˇ0 is the intercept
r constant term, fx are smooth functions of time (in days since the
tart of the series) and the day of the year respectively. f1(timei)
epresents the trend in the response and describes how the level of
he response varies through time. f2(doyi) represents the seasonal,
ithin-year pattern in the hydrochemistry. Thus the seasonal sig-
al and the longer-term trend are separated into two independent,
dditive componentsof themodel.εi are themodel residuals,which
re assumed to be zeromean, Gaussian randomvariableswith vari-
nce 2.  is a correlation matrix that describes the dependence
tructure of the residuals. Autocorrelation in εi can be taken into
ccount by assuming a simple time series process for the residuals
lus the usual assumption that the residuals are zero mean, Gaus-
ian randomvariables.As thenumberofdaysbetweenobservations
aries moderately, and some observations are missing, we adopted
continuous-time AR(1) process as the simple time series model.
Models were ﬁtted in a linear mixed model (LMM) framework
sing the mgcv package (version 1.7-6: Wood, 2011) for the R sta-
istical software (version 2.13-0: R Core Development team, 2011)
ia restrictedmaximum likelihood estimation (REML:Wood, 2004,
006, 2011). Fitting within a LMM framework affords the use of a
eneralised likelihood ratio test (GLRT) to determine whether the
odel with structured residuals was a signiﬁcantly better ﬁt than
model that assumes independent residuals. The simpler inde-
endence model was retained unless the model with structured
esiduals provided a statistically signiﬁcantly better ﬁt.
The ﬁtted models describe the variation in time in the mean
f the probability distribution of the response. The ﬁtted smooth
unctions are determined by a series of coefﬁcients, estimates of
hich are computed using REML, which are subject to uncertainty.
o enable ﬁtted trends to be interpreted simply, we identiﬁed
he periods along the ﬁtted trend where the slope, the rate of
hange in the trend, was statistically signiﬁcantly different from
ero, i.e. periods where the hydrochemistry is either increasing
r decreasing in a signiﬁcant manner. This was achieved byicators 37 (2014) 287–303 289
computing the ﬁrst derivatives of f1 using the method of ﬁnite
differences. Fitted values of the trend (f1) were obtained from each
model for a grid of 200 equally spaced time points over the period
of observation. This gridwas shifted in time by a very small amount
and ﬁtted values of the trend again determined from the model.
The differences between the two sets of ﬁtted values, divided
by the difference in time, yield the ﬁrst derivatives of the trend.
Standard errors for the ﬁrst derivatives were also computed and a
95% point-wise conﬁdence interval on the derivative determined.
Where the conﬁdence interval on the ﬁrst derivatives is bounded
away from zero, the trend is signiﬁcantly different from zero at
the 95% level. These periods are illustrated on the ﬁgures showing
the ﬁtted trends by a thicker line.
We then ﬁtted a simple linearmodel to quantify the overall long
term trend in key drivers (e.g. [xSO2−4 ]) and responses (e.g. [ANC],
[DOC], etc.) across the network. We chose this approach over the
more commonly applied Mann–Kendall procedure for a number
of reasons. The ﬁrst is that the linear regression model follows a
similar framework to the AMs described above—in fact a standard
Gaussian linear model is a special case of the formula given in Eq.
(1). For consistency, therefore, we elected to stay within a simi-
lar modelling framework so that the results were comparable and
each model could inform the other. The linear regression approach
also allowed the inclusion of additional terms in the model, direct
comparisons to bemade between sites andbetween variables com-
parisons, and for rates of change to be estimated explicitly.
The factor “sample month” and the continuous time variable
“sample date” were included as model predictors, representing
the within-year seasonality and change over time (i.e. unit change
per year), respectively. Although the linear models provide robust,
unbiased estimates of the mean change over the whole time series,
the non-linear variation illustrated by the additivemodelling could
have resulted in systematic variation in the residuals, leading to
biases in the determination of statistical signiﬁcance. We there-
fore used a bootstrapping procedure, resampling each dataset 1000
times, to determine the probability of the degree of trend occurring
by chance assuming a distribution of randomised time series. The
bootstrap estimates of the conﬁdence interval around the slope
parameter were estimated by sampling n observations from the
data,wheren is the observed sample number,whilst preserving the
order inwhich theywere sampled in thebootstrap iteration—hence
reordering the data over time in a manner unbiased under the
null hypothesis. Linear trendswere deemed “signiﬁcant”where the
observed trend was in the most extreme 5% of all estimated trends
obtained from the bootstrapped data. We then used the “sample
date” slope coefﬁcients, to examine quantitatively, relationships
between variables or sites as follows:
a) the relationship between the rates of change (between 1988
and 2008) in major acid anions, base cations and AB-ANC at
individual sites
b) differences in the relative rate of change in charge contribution
fromGran Alkalinity, [DOC] and [Alinorg] (variables that together
are used to compute [AB-ANC] in relation to the key driver of
change—i.e. rate of change in [SO2−4 ]);
c) the rateof change inorganic acidity (determined from F× [DOC])
as a proportion of change in mineral acidity contributed by
[SO2−4 ] across an acidiﬁcation gradient (based onmean [Alinorg]);
d) evidence for differences in the rates of change in key hydro-
chemical variables in geographically close pairs of forested and
moorland sites, (Loch Chon and Loch Tinker in the Scottish
Trossachs; Loch Grannoch and Round Loch of Glenhead in Gal-
loway southwest Scotland).
Finally, we applied quantile regression, to determine whether
trends in the severity of the more acidic samples at individual sites
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that tend to occur after heavy rain or seasalt deposition events)
iffered signiﬁcantly from the average trend. Quantile regression
llows the modelling of any quantile of the data space, as opposed
o themedianormeanonlyasprovidedbystandard regression. This
as performednon-parametrically and in amanner similar to ordi-
ary linear least squares regression tominimise the sumof squared
esiduals. To estimate the slope parameter ˇ of a standard univari-
te linear model using quantile regression, the following function
s minimised:
rg min
ˇ
{
n∑
i=1
(yi − ˇxi)
}
here(z) = z( − I(z<0))with I(·) representing the indicator func-
ion and  the quantile to estimate. For example,  =0.9 when
stimating the 90th percentile. As this function is a two parame-
er equation (slope and intercept), it is minimised using numerical
ased techniques such as the Nelder–Mead optimisation method
Nelder and Mead, 1965).
As the regression coefﬁcients were estimated non-
arametrically by minimising the quantile error, no distributional
ssumptions were made and we were thus unable to obtain
stimates of upper and lower limits for the estimated trend in
he quantile in question. Conﬁdence intervals were therefore
etermined using the same bootstrap-based procedure described
arlier. Quantile regressionwas again run 1000 times on resampled
ata, generating a distribution of slope estimates from which the
onﬁdence interval was obtained by reading off the 2.5th and
7.5th percentiles. To determine whether extreme event acidity
as changing at a different rate to median acidity levels we tested
or signiﬁcant differences in slopes for 90th and 50th percentiles.
. Results
.1. Trend assessment
.1.1. Non-marine sulphate trends
Linear trends in [xSO2−4 ] were consistently negative and statis-
ically signiﬁcant across the network (Table 1), with the exception
f Narrator Brook in southwest England. In common with previous
ssessments the reduction in concentration was most pronounced
circa −7eq L−1 yr−1) at sites in the south and east of the UK
e.g. the Old Lodge stream and the River Etherow) but was still
etectable at Loch Coire nan Arr (−0.46eq L−1 yr−1) in north west
cotland where anthropogenic sulphur deposition has historically
een relatively low. The additive modelling plots (Fig. 1 and Sup-
lementary Information) demonstrate that [xSO2−4 ] trends were
ostly not linear, but temporal patterns were strongly coherent
cross the network, as previously described by Davies et al. (2005)
nd Evans et al. (2010). According to the analysis of ﬁrst derivatives,
igniﬁcant reductions were largely conﬁned to the latter half of the
990s. The non-linear temporal trends observed in surface waters
ere similar to those observed for deposition of xSO2−4 at nearby
cid DepositionNetwork sites (see Curtis and Simpson, 2014), sup-
orting earlier observations that surfacewater S concentrations are
esponsive to reductions in deposition atmost sites at nomore than
n annual time-step (Cooper, 2005).
Uniquely for the AWMN, surface water [xSO2−4 ] at Narrator
rook in south-west England did not show a signiﬁcant long term
ecline. In contrast, bulk deposition loads at nearby Yarner Wood,
hilst stable until 1995, showed a signiﬁcant post-1995 decline
Curtis and Simpson, 2014). However, the soils at Narrator Brook,
ne of only two AWMN sites that were not glaciated during the last
laciation, appear to have a greater capacity for S adsorption than
lsewhere in the network; older soils tend to have greater S adsorp-
ion capacity (Johnson and Henderson, 1979). This may account foricators 37 (2014) 287–303
the low degree of temporal variation and lack of clear response to
changes in deposition at the site.
Between 2000 and 2008 most sites showed little further sig-
niﬁcant decline in [xSO2−4 ] despite some evidence for continuing
declines in bulk deposition (Curtis and Simpson, 2014). For the
majority, post-March 2003 concentrations remain between 3 and
5 times higher than those for the least deposition-impacted site in
the AWMN, Loch Coire nan Arr, in the far north-west of Scotland
(Tables 2a and 2b).
3.1.2. Nitrate trends
In contrast to [xSO2−4 ], linear trend analysis of [NO
−
3 ] resulted in
a roughly even division between sites showing positive and nega-
tive trends (Table 1). There was a degree of geographical clustering
with respect to trend sign; sites with larger, and statistically sig-
niﬁcant, negative trends occuring in Wales, the southern Pennines,
the English Lake District and the Mourne Mountains of Northern
Ireland. Conversely, three Scottish sites, showed signiﬁcant slight
increases.
At all sites, [NO−3 ] remained considerably lower than [xSO
2−
4 ]
(in terms of equivalence) throughout the monitoring period, and
trend slopes for this secondary acidifying anion are generally much
smaller. However, it follows that these long-termchangeswill have
either partly negated or slightly enhanced the overall rate of recov-
ery in water acidity. The chief exception here was Scoat Tarn in
the English Lake District, where [NO−3 ] was relatively high initially
and declined at 71% of the rate of reduction in [xSO2−4 ]. The additive
modelling plots (Fig. 1 and Supplementary Information) emphasise
the substantial inter-annual variability in [NO−3 ] across the net-
work, much of which is likely to be due to effects of climate on
soil nitrogen processing (see Section 4.3).
3.1.3. Chloride trends
Temporal variation in [Cl−] at theRoundLochofGlenhead, (illus-
trated by the additivemodelling plot in Fig. 1)was typical of several
sites in western locations on the UK mainland, in addition to Ben-
cromRiver in theMourneMountains andOld Lodge in theAshdown
Forest (see Supplementary Information). These sites showed par-
ticularly large peaks in [Cl−] concentration centred around 1990,
and less pronounced peaks around the turn of the century and,
most recently, during the winter and spring of 2007 and 2008. This
apparent decadal periodicity is consistent with that described over
ten years ago by Evans et al. (2001a) when it was linked to the
inﬂuence of the North Atlantic Oscillation (Section 4.3).
3.1.4. pH/H+ trends
The majority of sites showed long-term increases in pH (as well
as reductions in hydrogen ion concentration [H+] – derived directly
from the pH data), although there was no signiﬁcant pH increase
in the low deposition areas of northwest Scotland and Northern
Ireland, and the relatively well buffered lakes Burnmoor Tarn and
Loch Tinker (Table 1). The derivative analysis suggests that the
periods during which pH increased signiﬁcantly were relatively
short-lived at several sites (Fig. 1 and Supplementary Information).
Signiﬁcant increases in pH at some of the more acidic sites (includ-
ing the Round Loch of Glenhead – Fig. 1) lagged behind periods of
signiﬁcant reduction in [xSO2−4 ].
3.1.5. Inorganic aluminium trends
Inorganic aluminium concentrations fell substantially over
the monitoring period at around one third of sites, and 13 sites
showed signiﬁcant downward linear trends overall (Table 1).
Reductions were greatest in the more acidic sites that initially had
the highest concentrations, and were most marked in Blue Lough,
River Etherow, Scoat Tarn and Loch Grannoch. The derivative
D
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Table 1
Linear trends in solute chemistry in samples taken from AWMN lakes and streams between summer/autumn 1988–March 2008. ALK=Gran Alkalinity; COND=conductivity; sol Al = soluble aluminium; lab Al = labile (inorganic)
aluminium; DOC=dissolved organic carbon; ANC=Acid Neutralising Capacity. All trends deemed signiﬁcant at p<0.05 (using a boot strapping procedure – see Section 2) denoted by an asterisk. All time series for Narrator Brook
and the Afon Gwy start in 1991.
SO2−4
(eq L−1 yr−1)
xSO2−4
(eq L−1 yr−1)
NO−3
(eq L−1 yr−1)
Cl−
(eq L−1 yr−1)
Ca2+
(eq L−1 yr−1)
Mg2+
(eq L−1 yr−1)
pH
units (yr−1)
H+
(eq L−1 yr−1)
ALK
(eq L−1 yr−1)
COND
(S cm−1 yr−1)
Sol Al
(g L−1 yr−1)
Alinorg
(g L−1 yr−1)
DOC
(mgL−1 yr−1)
AB-ANC
(eq L−1 yr−1)
Loch Coire nan Arr −0.76* −0.46* −0.05 −0.28 −0.29 −0.34 −0.007 0.01 −0.13 −0.04 0.17 0.00 0.15* 0.61
Allt a’ Mharcaidh −0.47* −0.41* −0.01 −0.50 −0.24* −0.12 0.005 −0.02 0.27 −0.06 −0.05 −0.14* 0.13* 0.96*
Allt nan Coire nan Con −1.01* −0.87* −0.11 −1.25 −0.50* −0.33 0.000 0.01 −0.12 −0.10 0.32 −0.50* 0.22* 0.93*
Lochnagar −1.19* −1.09* 0.27* −0.96* −0.42* −0.26* 0.010* −0.10* 0.03 −0.18* −0.74 −0.53 0.11* 0.59*
Loch Chon −1.59* −1.23* 0.32* −3.36* −0.20 −0.11 0.034* −0.19* 1.09* −0.31* −1.13* −1.23* 0.20* 2.29*
Loch Tinker −1.49* −1.21* 0.05 −2.65 −0.68 −0.53 0.009 −0.02 0.13 −0.33* −0.13 −0.02 0.20* 1.11*
Round Loch Glenhead −1.86* −1.60* 0.24* −2.57* −0.40* −0.53* 0.019* −0.41* 0.55* −0.51* −1.72* −2.65* 0.15* 1.50*
Loch Grannoch −3.10* −2.79* −0.20 −2.77* −1.11* −0.71* 0.008* −0.36 0.38 −0.61* −10.60* −11.78* 0.23* 2.73*
Dargall Lane Burn −1.34* −1.11* 0.17 −2.15* −0.33* −0.34* 0.029* −0.14* 0.67* −0.26* −1.73* −1.75* 0.09* 1.30*
Scoat Tarn −1.00* −0.69* −0.49* −2.98* −0.74* −0.74* 0.012* −0.21* 0.09 −0.47* −6.42* −6.28* 0.09* 1.20*
Burnmoor tarn −1.59* −1.20* 0.05 −3.70* −1.13* −0.71* 0.012 −0.07 1.14* −0.50* 0.01 0.12 0.12* 1.57*
River Etherow −7.47* −7.08* −0.54* −2.82 −2.82* −2.84* 0.020 −0.88* 2.74* −0.86* −2.83* −3.50* 0.41* 4.85*
Old Lodge −8.11* −7.37* 0.16 −2.18 −1.60* −1.89* 0.043* −1.49* 2.41* −1.09* −8.50* −10.52* 0.42* 5.30*
Llyn Llagi −1.66* −1.36* −0.36* −2.80* −0.90* −0.59* 0.036* −0.35* 0.56* −0.71* −0.56 −1.18 0.09* 1.00*
Narrator Brook 0.10 0.27 0.05 −1.66* −0.09 0.07 0.029* −0.11* 0.94* −0.49* 1.63* 1.30* 0.02 0.22
Llyn Cwm Mynach −1.41* −1.20* 0.20 −1.74 −0.95* −0.35 0.008 −0.07 0.02 −0.56* −0.70 −1.65 0.02 0.34
Afon Hafren −1.23* −1.08* −0.19 −1.37* −0.39* −0.09 0.019* −0.24 0.24 0.32 −1.63 −1.71 0.06* 0.67*
Afon Gwy −0.88* −0.90* −0.24 0.23 −0.09 0.21 0.027* −0.20* 0.36 0.05 −2.44* −1.55* 0.04* 0.55
Beagh’s Burn −2.42* −1.84* −0.05 −2.14* −0.58 −0.97* −0.002 −0.03 0.34 −0.35* −0.97* −0.18 0.42* 2.35*
Bencrom River −1.81* −1.65* 0.45 −1.52* 0.24 −0.64* 0.034* −0.31 1.22* −0.20* −4.78* −3.49* 0.11* 2.16*
Blue Lough −2.96* −2.79* −0.59* −1.65 −1.12* −1.10* 0.018* −0.69* 0.93* −0.76* −10.19* −11.16* 0.21* 3.04*
Coneyglen Burn −1.27* −1.28* −0.01 0.43 −0.14 −0.12 −0.001 −0.04 0.02 0.09 −0.87* −0.13 0.26* 1.32
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Table 2a
Mean water chemistry data for quarterly AWMN lake samples collected prior to April 1993 (normal font) and post March 2003 (bold). Monitoring commenced at most sites in 1998 but in June 1991 at Blue Lough, and 2007 at
Loch Coire Fionnaraich. Monitoring was terminated in March 2007 at Loch Coire nan Arr.
SO2−4
(eq L−1)
xSO2−4
(eq L−1)
NO−3
(eq L−1)
Cl−
(eq L−1)
Ca2+
(eq L−1)
Mg2+
(eq L−1)
pH ALK
(eq L−1)
COND
(S cm−1)
Alinorg
(g L−1)
DOC
(mgL−1)
AB-ANC
(eq L−1)
Loch Coire nan Arr 41.14 14.73 2.80 274.34 42.44 62.85 6.28 35.50 40.75 2.85 1.50 42.66
34.61 8.70 2.41 276.86 37.43 57.17 6.14 29.86 41.64 2.64 3.69 45.39
Loch Coire Fionnaraich 27.56 5.84 1.66 213.62 28.85 45.33 5.72 14.09 33.5 2.95 4.42 35.31
Lochnagar 60.63 51.50 10.77 87.01 29.00 30.18 5.37 0.89 20.53 17.95 0.87 2.84
43.21 35.25 16.13 75.88 23.83 27.72 5.52 1.75 18.90 16.05 2.52 11.27
Loch Chon 72.14 48.68 9.88 223.75 75.59 46.89 5.39 5.00 38.42 26.32 2.71 14.84
50.57 32.35 15.80 173.73 75.77 46.93 5.94 22.85 34.50 7.55 5.70 50.23
Loch Tinker 52.95 35.88 2.03 162.88 85.83 45.85 5.97 35.26 31.00 3.26 4.15 55.51
34.43 21.80 2.29 120.37 75.87 38.17 6.18 40.25 26.35 2.50 6.88 74.06
R. L. of Glenhead 68.41 44.94 4.81 223.90 34.85 47.93 4.89 −12.11 39.37 68.63 2.80 −7.13
42.60 24.21 9.28 175.40 29.18 39.26 5.14 −4.21 31.68 29.05 4.80 13.82
Loch Grannoch 98.12 68.32 13.89 284.18 51.37 55.81 4.62 −24.58 53.21 246.11 3.83 −34.68
56.64 32.13 11.35 233.76 36.01 45.65 4.73 −18.45 44.35 80.10 7.02 4.25
Scoat Tarn 60.72 39.05 21.21 206.64 35.68 50.84 4.99 −6.75 37.62 132.46 0.53 −19.95
48.63 31.96 13.53 158.98 25.24 39.97 5.16 −5.15 29.95 37.20 1.95 −1.39
Burnmoor Tarn 81.45 56.92 5.63 233.86 95.78 67.62 6.32 46.79 44.53 2.25 1.52 54.11
62.31 43.85 5.66 176.10 82.38 58.61 6.65 68.00 37.60 3.90 3.42 82.60
Llyn Llagi 62.16 38.81 10.42 222.71 56.94 49.88 5.14 1.04 36.28 42.64 2.13 5.86
39.47 21.93 5.59 167.27 42.99 39.73 5.68 8.64 26.35 25.45 3.44 18.58
Llyn Cwm Mynach 88.14 52.17 9.59 343.12 78.97 67.97 5.21 4.58 51.94 65.29 2.51 9.18
68.91 37.31 12.11 301.42 63.77 60.83 5.26 3.89 43.96 53.00 2.57 9.54
Blue Lough 97.55 68.59 23.49 276.22 42.64 59.23 4.66 −24.67 55.17 326.17 3.13 −46.84
59.69 33.57 19.44 249.05 27.59 44.57 4.89 −11.95 45.80 177.05 5.85 −6.22
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Table 2b
Mean water chemistry data for monthly AWMN stream samples collected prior to April 1993 (normal font) and post March 2003 (bold). Monitoring commenced at most sites in 1998 but in August 1990 at Coneyglen Burn, April
1991 at Afon Gwy and June 1991 at Narrator Brook. Measurements for pH, alkalinity and nitrate commenced at Old Lodge in April 1991.
SO2−4
(eq L−1)
xSO2−4
(eq L−1)
NO−3
(eq L−1)
Cl−
(eq L−1)
Ca2+
(eq L−1)
Mg2+
(eq L−1)
pH ALK
(eq L−1)
COND
(S cm−1)
Alinorg
(g L−1)
DOC
(mgL−1)
AB-ANC
(eq L−1)
Allt a’Mharcaidh 44.40 33.02 1.50 108.58 42.33 30.00 6.19 42.26 23.53 6.32 2.01 51.57
38.23 27.81 1.39 99.37 39.87 27.59 6.31 47.91 23.29 5.12 3.82 67.36
Allt na Coire nan Con 61.94 30.03 4.91 321.94 58.86 69.98 5.58 19.40 48.72 21.70 3.20 32.53
47.46 18.59 1.84 289.35 50.20 61.88 5.58 18.86 45.56 12.42 6.37 47.40
Dargall Lane Burn 82.00 60.17 10.70 208.21 51.48 55.89 5.30 1.23 37.81 39.88 1.41 3.39
64.01 46.06 13.48 171.17 47.41 50.61 5.56 12.53 33.73 13.57 2.67 23.67
River Etherow 296.15 262.42 44.44 319.92 179.58 172.61 4.58 −8.85 84.92 80.46 4.61 7.45
191.15 163.06 38.58 267.88 142.73 135.92 4.97 39.25 71.16 24.53 9.24 77.65
Old Lodge 289.20 224.71 7.39 615.08 167.22 156.16 4.54 −34.96 112.70 223.14 3.47 −41.74
173.77 127.39 7.96 579.23 142.68 128.26 5.00 −2.92 97.41 67.12 8.13 24.20
Narrator Brook 71.48 40.93 6.10 291.46 34.54 65.28 5.63 11.57 48.37 20.27 1.38 15.90
74.58 47.80 7.03 255.44 31.93 64.52 5.99 27.49 40.68 38.32 1.65 17.93
Afon Hafren 82.69 59.40 20.45 222.10 47.98 66.45 4.99 1.12 41.54 103.45 1.79 −2.57
66.96 46.57 16.27 194.42 41.59 64.24 5.26 7.00 51.73 71.83 2.55 8.35
Afon Gwy 67.18 49.27 11.02 170.79 41.81 53.02 5.12 5.79 30.31 61.19 1.93 7.99
56.22 39.42 7.28 160.29 38.74 55.18 5.47 13.30 29.04 39.54 2.51 17.19
Beagh’s Burn 73.67 38.08 3.11 351.03 103.04 112.45 5.22 43.09 60.33 12.00 9.41 86.98
42.74 16.48 2.76 323.50 98.13 101.37 5.23 51.13 56.91 8.68 15.43 125.52
Bencrom River 97.55 68.59 23.49 276.22 42.64 59.23 4.66 −24.67 55.17 326.17 3.13 −46.84
59.69 33.57 19.44 249.05 27.59 44.57 4.89 −11.95 45.80 177.05 5.85 −6.22
Coneyglen Burn 55.07 27.15 1.42 274.61 147.80 120.38 5.69 157.86 56.03 5.30 6.54 189.57
42.04 14.70 2.65 271.04 150.09 120.33 5.83 168.73 57.41 5.33 10.12 214.75
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Fig. 1. Additive modelling-based ﬁtted trends in hydrochemical concentrations in four AWMN sites, representing a sulphur deposition gradient, from the River Etherow in
the southern Pennines (high deposition) to Allt na Coire nan Con in the western Scottish Highlands (low deposition), including trends in strong acid anions (A), and trends in
hydrochemical variables considered to be responding to changes in acid deposition (B). Periods of signiﬁcant change in the ﬁtted trend, determined by derivative analysis,
are highlighted by thickened lines. Dashed lines indicate 95% conﬁdence limits. Comparable plots for all sites presented by region in Supplementary Information.
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cig. 2. Relationship between rates of change in sulphate concentration and
lkalinity-based acid neutralising capacity. Data provided in Table 1.
nalysis indicates that [Alinorg] in the River Etherow (Fig. 1) and
och Grannoch (Supplementary Information) fell signiﬁcantly
hroughout most of the monitoring period, contrasting with
ndetectable, or a relatively brief period of, signiﬁcant change in
H at these sites respectively.
.1.6. Divalent cation trends
Calcium and Mg2+ concentrations fell at the majority of sites.
eductions in the export of divalent cations from catchment soils
re an anticipated response to falling acidic inputs, but the simi-
arities in the derivative plots with [Cl−] trends at several of the
ites with more westerly locations (Supplementary Information)
mphasise the dominant inﬂuence of changes in seasalt deposi-
ion on the concentrations of these ions in surface waters in these
egions.
.1.7. Dissolved organic carbon trends
DOC concentrations increased monotonically, and largely lin-
arly, at all sites other than Narrator Brook – the only site not
o have undergone a signiﬁcant long term reduction in [xSO2−4 ]
Table 1). Derivative analysis indicates that changes with time for
he majority of sites were signiﬁcant throughout most of the mon-
toring period (Fig. 1 and Supplementary Information). These long
erm upward trends in [DOC] have been linked to both the reduc-
ion in anthropogenic sulphur deposition and climatically-driven
eductions in seasalt deposition over the monitoring period (Evans
t al., 2006; Monteith et al., 2007) (Section 4.2).
.1.8. Acid Neutralising Capacity
In common with [DOC], [AB-ANC] increased either linearly or
urvilinearly indicating a response to a similar sequence of changes
n climatic and anthropogenic drivers. The shape of recovery in
AB-ANC] at Lochnagar, one of the few sites with very little seasalt
nﬂuence, differs from that for the majority of sites. Here, [xSO2−4 ]
eclined almost linearly, but in theﬁrst fewyears the reductionwas
alanced by an increase in [NO−3 ]. The net effect of these changes
n drivers is that [AB-ANC] has only recently begun to increase
igniﬁcantly.
The overall rate of change in [AB-ANC] (as indicated by the
lope of the linear models) was closely (and negatively) correlated
ith both the overall rate of change in [SO2−4 ] (R
2 =0.89) (Fig. 2)
nd [xSO2−4 ] (R
2 =0.87) across the network. This demonstrates the
ominant inﬂuence of declining S deposition on the recovery of
hese acidiﬁed waters. However, despite the apparent close simi-
arities in ratesof changebetweendriver and responseatmost sites,
hange in [AB-ANC] needs to be evaluated in the context of widericators 37 (2014) 287–303 295
hydrochemical change; i.e. the larger net decline in acid anion con-
centrations, i.e. [SO2−4 ], [NO
−
3 ] and [Cl
−], and the partly balancing
reductions in base cations, i.e. [Ca2+], [Mg2+], [Na+] and [K+], as
illustrated in Fig. 3.
3.2. The importance of forestry for recovery
Only one forested site, Loch Grannoch, showed a statistically
signiﬁcant greater reduction in [xSO2−4 ] than its moorland counter-
part (Round Loch of Glenhead), although the rate was consistently
larger for the forested site in each of the three pairs. Positive [AB-
ANC] slopes were also consistently greater for the forested sites,
but again only the Galloway pair showed a signiﬁcant difference.
Negative [Alinorg] slopes were signiﬁcantly greater in the forested
sites within both the Galloway and Trossachs pairs (Fig. 4).
In contrast, pH increased, and [H+], declined faster in moorland
Round Loch of Glenhead than Loch Grannoch,most likely reﬂecting
increased sensitivity of pH to declining acid deposition at higher
levels of ANC (see Section 4.1). Whilst these site pairs are generally
insufﬁciently similar to make direct comparisons of acidity status
at any point in time, in all three cases, [Alinorg] remains higher and
pH and [ANC] lower in the waters of the forested catchments on
the basis of mean 2003–2008 data (Tables 2a and 2b).
3.3. Trends in the severity of acid episodes
The quantile regression analysis demonstrates that most sites
undergoing long-term reductions in [Alinorg] and [H+] and increases
in [AB-ANC] also showed statistically signiﬁcant reductions in the
severity of their most acidic samples, as represented by trends in
90th and 10th percentiles respectively (Table 3). Only two sites
showed a signiﬁcant difference (p<0.05) in the rate of change in
these percentiles and median (50th percentile) values with respect
to [H+] and [AB-ANC]. However, the rate of decline in peak (90th
percentile) [Alinorg] was signiﬁcantly greater than declines in the
50th percentile at all of the more acidic sites, and at approximately
half of AWMN sites overall, including both streams and lakes.
4. Discussion
Our analyses provide clear evidence for long-term reductions
in the acidity of acidiﬁed surface waters across the UK as a direct
response to the last two decades of declining atmospheric acid
deposition. As such they are broadly consistent with previous
international assessments of recent trends in acidiﬁed waters (e.g.
Stoddard et al., 1999; Evans et al., 2001b; Skjelkvåle et al., 2005),
but provide further insights into the process of chemical recovery.
4.1. Evidence for the hydrochemical impact of declining acid
deposition
The additive models emphasise the temporal complexity of the
hydrochemical trends. Trends in acidity have been inﬂuenced both
by natural drivers, as indicated by variations in seasalt-derived
[Cl−]) particularly during the early years of monitoring, and sub-
stantial reductions in anthropogenic S deposition in the latter half
of the 1990s. The linear models show that reductions in [xSO2−4 ]
were reciprocated by roughly proportional increases in [AB-ANC].
The largest responses in AB-ANC were seen in the sites in cen-
tral and southern England where [xSO2−4 ] reductions were most
pronounced (Table 1; Fig. 2). However, the speciﬁc hydrochemical
character of the changes in [AB-ANC] varied across sites, reﬂect-
ing spatial variation in [DOC] and the extent to which sites had
acidiﬁed.
The most acidiﬁed sites on the Network experienced large
reductions in [Alinorg], particularly during the early years of
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Fig. 3. Comparison of site speciﬁc trends in acid anions, base cations and acid neutralising capacity. Trends in base cations are predominantly negative but the sign is reversed
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a loride
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qo illustrate how reductions in acid anions are balanced by reductions in base cation
f these determinands in individual samples, the extent to which the trends balanc
cross determinands. For purposes of clarity, slight and non-signiﬁcant trends in chonitoring, during which changes in pH were sometimes difﬁcult
o detect. This tendency is consistent with the conceptual model
f Reuss and Johnson (1986), whereby cation response to reduc-
ions in strong acid anions is initially dominated by trivalent ions,
able 3
omparisons of trend slopes in extreme (90th or 10th percentile) and median (50th perce
uantiles are statistically signiﬁcantly at (p<0.05). Grey hatching denotes where trends i
H+ Labile alum
90th percentile 50% percentile p 90th percen
Loch Coire nan Arr 0.0001 0.0001 0.69 −0.0002
Allt a’ Mharcaidh −0.0001 0.0000 0.09 −0.0014
Allt nan Coire nan Con 0.0001 0.0000 0.58 −0.0017
Lochnagar −0.0009 −0.0002 0.17 −0.0061
Loch Chon −0.0008 −0.0004 0.05 −0.0066
Loch Tinker 0.0000 0.0000 0.35 −0.0004
Round Loch Glenhead −0.0010 −0.0010 0.59 −0.0089
Loch Grannoch −0.0009 −0.0008 0.6 −0.0643
Dargall Lane Burn −0.0006 −0.0006 0.35 −0.0085
Scoat Tarn −0.0004 −0.0007 0.92 −0.0254
Burnmoor tarn −0.0001 0.0000 0.16 0.0000
River Etherow −0.0081 −0.0004 0.02 −0.0219
Old Lodge −0.0053 −0.0036 0.13 −0.0396
Narrator Brook −0.0006 −0.0002 0.00 0.0060
Llyn Llagi −0.0016 −0.0008 0.06 −0.0043
Llyn Cwm Mynach −0.0008 0.0001 0.23 −0.0070
Afon Hafren −0.0012 −0.0007 0.41 −0.0130
Afon Gwy −0.0017 −0.0003 0.10 −0.0076
Beagh’s Burn −0.0002 0.0001 0.24 −0.0014
Bencrom River −0.0020 −0.0012 0.17 −0.0166
Blue Lough −0.0025 −0.0020 0.52 −0.0391
Coneyglen Burn −0.0001 0.0000 0.46 −0.0004increases in AB-ANC. In contrast to the very tight balance between concentrations
ends on the degree to which the linear model captures trends that are comparable
and sodium in Loch Coire nan Arr and Coneyglen Burn have been reset to zero.and particularly Al3+, whilst the soil remains sufﬁciently acidic.
As [Alinorg] has declined at these sites, divalent cations have also
decreased, as have hydrogen ion concentrations, such that pH has
become increasingly responsive to further acid anion reductions.
ntile) acidity determined by quantile regression. Bold font denotes where slopes in
n the two quantiles are signiﬁcantly different from each other.
inium AB-Acid Neutralising Capacity
tile 50% percentile p 10th percentile 50% percentile p
0.0000 0.31 0.0034 0.0001 0.56
0.0000 0.02 0.0047 0.0027 0.56
−0.0010 0.40 0.0011 0.0028 0.16
−0.0002 0.11 0.0026 0.0010 0.75
−0.0018 0.01 0.0033 0.0064 0.15
0.0000 0.61 0.0036 0.0034 0.57
−0.0073 0.05 0.0036 0.0037 0.55
−0.0232 0.01 0.0115 0.0068 0.85
−0.0023 0.01 0.0026 0.0035 0.23
−0.0130 0.01 0.0035 0.0026 0.90
0.0000 0.68 0.0071 0.0041 0.62
−0.0023 0.03 0.0208 0.0115 0.96
−0.0259 0.00 0.0106 0.0129 0.00
0.0030 0.81 −0.0001 0.0011 0.03
−0.0037 0.31 0.0027 0.0030 0.44
0.0000 0.31 0.0012 0.0011 0.38
0.0007 0.02 0.0003 0.0016 0.62
−0.0024 0.2 0.0036 0.0001 0.97
0.0002 0.03 0.0037 0.0070 0.04
−0.0101 0.17 0.0047 0.0060 0.39
−0.0305 0.01 0.0114 0.0072 0.94
0.0000 0.41 0.0077 0.0032 0.38
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Fig. 4. Trend slopes (see Table 1) in key acidity-related variables for 3 pairs of AWMN forested/non-forested catchments. All units areeq L−1 yr−1 except Lab Al (g L−1 yr−1).
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ased estimates sampled under the null hypothesis of no difference.
he effect is illustrated by the sigmoidal relationship between pH
nd [AB-ANC] in AWMN samples, that typiﬁes the relationship
etween these twovariables in lowalkalinity surfacewaters (Fig. 5a
nd b). Fig. 5a demonstrates the increasing sensitivity of pH of indi-
idual samples from the more acidic sites as [AB-ANC] has become
ess negative. Fig. 5b shows the strong dependence of the pH
esponse on [DOC], withmore rapid improvements in pH occurring
t sites with lower [DOC]. Whilst these hydrochemical attributes of
cid sensitivewaters arewell known, theyhave rarelybeendemon-
trated with long-term ﬁeld monitoring data. As pH, together with
Alinorg], is considered a key variable determining the viability of
cid sensitive species and communities (e.g. Petchey et al., 2004),
hese more acidic AWMN sites could be argued to be entering a
articularly critical stage in their chemical and biological recovery.
The evidence for rapid hydrochemical responses of most catch-
ents to reduced atmospheric inputs of S is encouraging, but
y the end of the study period, [xSO2−4 ] concentrations at most
ites remained several times higher than those found at the least
mpacted sites such as Loch Coire nan Arr, the neighbouring Loch
oire Fionnaraich, and Coneyglen Burn (Tables 2a and 2b). Fur-
hermore, [Alinorg], a key indicator of acidiﬁcation status, at the
ore impactedAWMNsiteshas remainedconsiderablyhigher than
ecordedacross awide rangeof acid-sensitivewaters in the lowsul-
hur deposition region of the far north of Scotland at any time over
he last two decades.
Clearly, therefore, the potential remains across the more
mpacted regions of the UK for [xSO2−4 ] in surface waters to fall
till further. The very strong relationships we observed with [AB-
NC] imply that further decline in [xSO2−4 ] will stimulate further
eductions in [Alinorg] in the more acidic sites and further increases
n pH more widely.sted); Galloway=Round Loch of Glenhead (moorland) vs Loch Grannoch (forested);
ference in the strength of slope between sites (p<0.05) determined from bootstrap
4.2. The role of dissolved organic carbon in the recovery process
An unresolved issue at the time of the last major assessment of
AWMN hydrochemical data was the interpretation of a network-
wide increase in [DOC] (Evans et al., 2005). Similar increases, since
observed in remote surfacewaters in other industrialised regions of
the northern hemisphere, have been ascribed variously to impacts
of declining acid deposition (e.g. De Wit et al., 2007), increased
N deposition (Findlay, 2005), climate change (e.g. Freeman et al.,
2001; Worrall and Burt, 2004), changes in solar radiation (Hudson
et al., 2003) and land-use (Yallop and Clutterbuck, 2009). Recently,
analysis of AWMN data, both in isolation (e.g. Evans et al., 2006,
2008a) and in conjunction with other international time series
(Monteith et al., 2007); laboratory experimental studies of soil
cores removed from AWMN catchments (Clark et al., 2011); UK
ﬁeld experiments (Evans et al., 2012); and a range of studies of time
series and experiments from Norway (De Wit et al., 2007; Haaland
et al., 2010), Sweden, (Ekström et al., 2011; Erlandsson et al., 2008),
Germany (Borken et al., 2011) and the USA (Driscoll et al., 2007;
SanClements et al., 2012), provide clear evidence that soil organic
carbon has become more soluble as a consequence of reductions in
acid deposition–most likely resulting fromreductions in either soil
acidity, and/or, as argued for surface waters in the Czech Republic
(Hrusˇka et al., 2009), soil water ionic strength.
Fig. 6 illustrates how the three variables used to calculate
AB-ANC, i.e. [Gran Alkalinity], [DOC] and [Alinorg]), have changed
relative to each other and across the network over the monitoring
period. Here, change in [DOC] is expressed as change in organic
acidity, on the basis of the hypothetical charge density values (Sec-
tion2.1), and theplot therefore illustrates the role of organic carbon
in buffering the hydrochemical impact of falling acid deposition
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cross the network. The ordering of sites by the rate of change in
xSO2−4 ] in this ﬁgure highlights both how the rise in [DOC] has
ended to contribute to the increase in AB-ANC most at sites where
xSO2−4 ] has fallen most sharply, and, conversely, how the change
n [DOC] as a proportion of the total change in [AB-ANC] has been
ost dominant at the sites where [xSO2−4 ] has fallen least.
The latter is attributable to the fact that the sites showing the
east change in [xSO2−4 ] have experienced the lowest levels of S
eposition historically, are the least acidiﬁed and, therefore, are
nlikely to elicit clear responses in either [Alinorg] or [H+]. This is
urther supported by Fig. 7 that shows that the change in the charge
ontribution from organic acids, relative to the change in mineral
cids (as represented by the change in [SO2−4 ]), is largest at the least
cidiﬁed sites (i.e. those with the lowest mean [Alinorg]). Indeed at
he least impacted sites in northern Scotland (Loch Coire nan Arr
nd Allt na Coire nan Con) and Northern Ireland (Coneyglen Burn),icators 37 (2014) 287–303
where there is no signiﬁcant trend in [NO−3 ] and where reductions
in [xCl−] are likely to have been negligible, changes in [DOC] (when
expressed in terms of charge), appear to almost completely balance
changes in [SO2−4 ].
The implication of the accumulating evidence that the process
of chemical recovery in these acidiﬁed systems represents a partial
replacement of strong mineral acids (provided predominantly by
anthropogenic sulphur) by naturally derived weak organic acids,
has reduced expectations with respect to the extent of recovery in
pH (Evans et al., 2008a). However, the importance of this buffering
process in determining the hydrochemical nature of recovery and
hence future ecological prospects clearly varies between AWMN
sites.
Observations of an approximate balancing of charges between
reductions in [SO2−4 ] and increasing organic acidity at the least
impacted sites suggests both that organic matter provides a ﬁrst
line of defence with respect to buffering effects of anthropogenic
acids, and that no other external driver need be invoked to explain
long-term changes in [DOC] in these systems. Soil organic mat-
ter can therefore be argued to provide an important “ecosystem
service” by protecting waters from acidiﬁcation, and increasing
[DOC] concentrations over the last two decades may be viewed as
an integral part of the hydrochemical recovery process. This is par-
ticularly pertinent given the current investment by the UK water
industry in catchment-based strategies to control DOC levels and
for whom DOC is sometimes considered more of a pollutant than
an element of ecosystem health.
Exceptionally largeDOC concentrations recorded in theAutumn
of 2006 and 2007 at several sites are not obviously linked to
deposition drivers directly, but more likely reﬂect the impact of
unusual climatic conditions on an increasingly soluble supply of
soil organic carbon. The combined effects of a particularly warm
and dry summer in 2006 (stimulating decomposition rates), fol-
lowed by heavy rains in the days leading up to sampling in
September 2006 may have contributed to concentrated pulses of
DOC into these waters at the time, although work to better under-
stand these apparent anomalies continues and further research is
required.
4.3. The hydrochemical inﬂuence of climatic variability
Over the ﬁrst few years of monitoring, rates of sulphur deposi-
tion were relatively stable but the majority of sites were found to
exhibit strong, temporally coherent, variation in [NO−3 ], [Cl
−], and
acidity (Monteith et al., 2000; Evans et al., 2001a, 2010). Signiﬁ-
cantly, for a network with a largely maritime distribution of sites
(Shilland et al., this issue), several links were established between
hydrochemical variables and the state of the North Atlantic Oscil-
lation (NAO) in winter. The winter NAO has been shown to exert
a strong inﬂuence on UK winter temperature, rainfall and stormi-
ness, and has exhibited a roughly decadal periodicity over the past
century or more, in common with wider Paciﬁc-North American
teleconnections (Hurrell and Van Loon, 1997).
Colder, drier winters (characterised by a negative winter NAO
Index) have been linked to higher than normal concentrations
of nitrate (NO−3 ) in runoff from AWMN and other surface waters
(Monteith et al., 2000; George et al., 2004). Here, the inﬂuence of
soil temperatures onnitrogen cycling is thought to be the dominant
process, although lower than average rainfall, and the inﬂuence of
wind direction on pollutant trajectories, may also be important.
Warmer, stormier winters (characterised by a particularly posi-
tive winter NAO Index), on the other hand, tend to increase the
occurrence and intensity of seasalt deposition events, leading to
the generation of acid episodes in acidiﬁed catchments (Evans et al.,
2001a)), and high rainfall, that also increases the acidity of runoff
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ariables that together are used to determine AB-ANC. Change in charge contribu
mgL−1 yr−1); and, −3× [Lab Al] trend (mol L−1 yr−1), respectively (see Section 2).
y reducing the inﬂuence of relatively well buffered ground water
Evans et al. (2008b)).
The current analysis demonstrates the continuing importance
f climatic effects on hydrochemical signals. The absence of reduc-
ions in [NO−3 ] at a national-scale is not surprising given the lack
f evidence for widespread long-term reductions in N deposition
Curtis and Simpson, 2014). However, our analyses identiﬁed a geo-
raphical cluster of sites with slight downward trends in [NO−3 ], i.e.
n North Wales, the southern Pennines, the English Lake District
nd southeastNorthern Ireland. As these sites also tend to showthe
ig. 7. Change in the modelled charge contribution from organic acids at AWMN sites as a
luminium concentration (an indicator of acidiﬁcation status).olved organic carbon (DOC) and Gran Alkalinity and decreasing labile aluminium,
rom DOC and labile aluminium is determined by the equations: F× [DOC] trend
sharpestdeclines in [xSO2−4 ], this regional tendency is indicativeof a
response to the control of a common regional fossil fuel-based pol-
lutant source. Recent slight reductions in the deposition of N over
this region may therefore be sufﬁcient to be contributing to recov-
ery of surface waters from acidiﬁcation. Elsewhere, the tendency
for statistically signiﬁcant increases in [NO−3 ] in three Scottish sites,
albeit small in comparison with [xSO2−4 ] trends, appears to reﬂect
the continuing dominant inﬂuence of climate (and most partic-
ularly winter conditions) on NO−3 leaching in a region where N
deposition trends have been, at most, very weak. This is illustrated
percentage of the change in sulphate concentration, plotted against mean inorganic
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y the comparison of trends in the moorland site, Round Loch of
lenhead, and the forested site, Loch Chon, and the winter NAO
ndex (Fig. 8)—a relationship that once held for the wider network
rior to the major reduction in acid deposition in the latter half of
he 1990s (Monteith et al., 2000).
Chloride in AWMN lakes and streams is derived primarily from
easalt, deposited episodically, and predominantly in areas close to
he coast duringwinter storms. Chloride ionsnormally behave rela-
ively conservatively in catchments. They are less affected by anion
dsorption, biological retention and redox processes than SO2−4 and
O−3 , and are thusmoremobilewithin soils. Chloride concentration
n AWMN waters therefore provides an indication of the frequency
nd intensity of seasalt episodes. A recent assessment of AWMN,
cid DepositionNetwork and Environmental ChangeNetwork data
y Evans et al. (2011) suggested that hydrochloric acid (derived
rom the burning of coal with a high chlorine content) made a sig-
iﬁcant contribution to total Cl− inputs to AWMNsites, particularly
hose further to the south and east, in the early years of moni-
oring. Cessation in the burning of this fuel type, combined with
he efﬁcient removal of HCl during FGD, is therefore likely to have
nﬂuenced the overall downward linear trends in [Cl−] recorded at
everal sites (Table 1) and to have contributed to long-term hydro-
hemical recovery. However the very large peaks in [Cl−] at several
ites with west coast locations in the early years of monitoring
ccurred during some of the most stormy and westerly dominated
inter conditions to have affected the UK during the last 20 years,
nd can only be attributed to seasalt episodes.
.4. Evidence for the inﬂuence of coniferous forestry on
ydrochemical recoveryPrevious assessments of AWMN data (e.g. Monteith and
vans, 2000), and supporting palaeoecological evidence (Kreiser
t al., 1990), suggested that AWMN sites with forested catchmentsstatistically signiﬁcant long-term increases in relation to inter-annual variation in
ented on inverted scale. Lower NAO Index values are associated with colder, drier
experiencedhigher acidic loads andhad acidiﬁedmore thannearby
sites without forests. This is consistent with the long-recognised
role of forest canopies as efﬁcient sinks of atmospheric pollu-
tants. Fowler et al., 1989, for example, estimated that within the
Kielder Forest in northeast England, afforestation of moorland had
increased sulphur and nitrogen inputs by 30% and 90% respectively.
In theory the effect of enhanced pollutant interception on soil and
water acidity could be exacerbated by the long term depletion of
base cations from the catchment resulting from the harvesting and
removal of timber (Sverdrup and Rosen, 1998). It has been esti-
mated that on average, uptake of base cations by conifers at AWMN
sites would account for 18% of the total base cation supply from
weathering, although this rises to 27% for Sitka spruce plantations,
and would be more signiﬁcant still for the most acid-sensitive
AWMN catchments (Evans personal communication).
The establishment of a forest, and its subsequent management,
is likely to inﬂuence N cycling within the soil, and the consequent
extent of N leaching to surface waters. A developing canopy might
be expected to have a relatively high N demand and reduce the
amount available for mineralisation and leaching as NO−3 . Con-
versely, however, strong pulses in [NO−3 ] are often observed after
felling (Neal, 2002; Reynolds et al., 2004; Tetzlaff et al., 2007), and
the complexities resulting from management are likely to account,
at least in part, for substantial differences in patterns of short term
variation in [NO−3 ] in the forested-non-forested pairs illustrated by
the additive plots provided in the Supplementary Information.
Whilst the exacerbating inﬂuence of coniferous forest planta-
tions on acidiﬁcation is beyond dispute (e.g. Miller et al., 1991;
Harriman et al., 2003), there is increasing interest from land man-
agers, charged with the development of forest–water management
guidelines, in the extent to which current forestry practices may
continue to inﬂuence hydrochemical recovery.
Given the importance of canopy interception in enhancing pol-
lutant deposition it is intuitive to expect forested catchments to
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ave undergone more rapid reductions in the deposition of S, and
ence more rapid reductions in [xSO2−4 ] in their drainage waters.
henconsideredasagroup, ratesofdecline in [xSO2−4 ], [Alinorg] and
ncreases in [AB-ANC] are consistently slightly more pronounced
or all three forested sites, although differences between individ-
al pairs are mostly not statistically signiﬁcant. However, in the
ase of the Plynlimon pair of sites, that did not show any signiﬁ-
ant differences in trends, it should be noted that hydrochemical
onitoring of the Afon Gwy commenced three years after mon-
toring began in the Afon Hafren. In a separate comparison of
ydrochemical change in the upper (non-forested) reaches of the
fonHafrenwith forested reaches below, Neal et al. (2010) demon-
trated both that the forested reaches were receiving greater acidic
oads from deposition and that they were recovering more rapidly
han thenon-forested sections. Despite the tentative evidence from
he AWMN for more rapid recovery in forested sites, the data in
ables 2a and 2b demonstrate that there has been no systematic
onvergence in acid anion concentrations in relative terms. Con-
entrations of xSO2−4 remain around 25% higher and [NO
−
3 ] mostly
emainsover50%higher in the siteswith forestedcatchmentswhen
omparing 1988–1993 and 2003–2008 means. The chief exception
ere is for the Galloway pair, for which [NO−3 ] in forested Loch
rannoch was only 18% higher than the moorland Round Loch of
lenhead between 2003 and 2008, compared with 65% in the ear-
ier period, but once again short term management effects should
e taken into consideration. It should also be noted that neither of
he two forested sites that occur within the region where statisti-
ally signiﬁcant downward trends in [NO−3 ] are widely detectable
described in Section 4.3), have experienced reductions in this ion.
The more rapid increase in pH of the Round Loch of Glenhead
elative to LochGrannoch, results fromthemore acidiﬁed condition
f the latter – recovery to date occurring predominantly through a
eduction in [Alinorg], rather thanan increase inpH. This emphasises
he continued legacy of afforestation on the condition of afforested
ater sheds, and suggests that biological recovery of these forested
ystems is still likely to lag behind that in neighbouring non-
orested sites.
The extent of comparable forested/non-forested pairs of sites
ithin the AWMN alone is too limited to allow broad conclusions
obemade about the role of forestry, and indeed local forestry prac-
ices, in hydrochemical recovery from acidiﬁcation, and it will be
ecessary to incorporate other hydrochemical datasets of compa-
able high quality (e.g. see Malcolm et al., 2014; Neal et al., 2011)
o allow a more thorough test of these observations.
.5. Trends in hydrochemical extremes in acidity relative to
verage conditions
Despite long-term improvements in chemistry, the acidity of
ecovering acidiﬁed surface continues to vary considerably. The
ost acidic conditions tend to occur during periods of high rainfall
when dilute surﬁcial run-off enriched in organic and mineral acid-
ty dominates over more strongly buffered groundwater), and after
easalt deposition events (when marine cation deposition gener-
tes pulses of H+ and Al3+ from soil exchange complexes).
It has been postulated that the recurrence of occasional
cidic extremes in waters undergoing long-term hydrochemical
ecovery in terms of average condition may be preventing the re-
stablishment of acid-sensitive species (Lepori et al., 2003; Kowalik
t al., 2007). However, positive trends have been shown to occur
n the ANC of drainage waters recovering from acidiﬁcation during
oth high ﬂow and base ﬂow conditions (e.g., Evans et al., 2008b;
etzlaff et al., 2010; Brewer et al., 2011). Furthermore, outcomes
ight be expected to be catchment speciﬁc, depending, for exam-
le, on the importance of groundwater contributions to run-officators 37 (2014) 287–303 301
under different ﬂow conditions, riparian soil cover, etc. (e.g. see
Tetzlaff et al., 2010). If, as seems intuitive, these occasional extreme
conditions are limiting biological recovery, the potential for ecolog-
ical improvementwill depend on the extent towhich their severity
is declining.
We found no evidence that acidity during more acidic periods
was declining less rapidly than the trends in average acidity—as
represented by the statistics in Table 1. Indeed, the 90th percentile
for [Alinorg]) in themore acidiﬁed sites has been falling signiﬁcantly
more rapidly than the average tendency (Table 3). This therefore
supports observations relating to recovery in the AWMN macroin-
vertebrate data that species turnover indicative of recovery is not
being prevented by occasional acidic extremes (Monteith et al.,
2005). For example, one of the largest recovery responses in the
macroinvertebrate fauna has been observed in the River Etherow
(see Murphy et al., 2014 and Stockdale et al., 2014), despite this
site exhibiting the largest ﬂuctuations in pH and [Alinorg] of any site
on the network. It is important to note, however, that, whilst the
acidity of these episodes is falling rapidly, current day peak con-
centrations of [H+] and [Alinorg] in the more acidiﬁed streams are
still substantially above those found in non-acidiﬁed acid-sensitive
areas such as the far north of Scotland.
Our ﬁndings suggest that over this multi-decadal time period,
routine, regularly spaced water sampling has been sufﬁcient to
quantify the rate of change in both chemical drivers and eco-
logically signiﬁcant indicators of acidiﬁcation, in a manner that
is robust across measurements and across sites. More targeted,
episode focussed, monitoring would no doubt have improved fur-
ther our understanding of long-term change in these critical events
but would have required far greater resources to support.
5. Conclusions
Our analyses of the ﬁrst 20 years of AWMN data show very clear
signs of chemical recovery in acidiﬁed UK surface waters, result-
ing primarily from large reductions in the deposition of S over
the last two decades. They show that the hydrochemical nature of
the response varies substantially between sites, particularly with
respect to the availability of organic carbon and whether or not
catchments are afforested, and that variation in climate continues
to exert a signiﬁcant inﬂuence on trends even at a multi-decadal
scale. Concentrations of xSO2−4 , NO
−
3 , and Alinorg remain at unnatu-
rally high levels, whilst [ANC] remains unnaturally low according
to modelled hindcasts, at several sites. Furthermore, whilst surface
waters in forested catchments are showing similar rates of recovery
to non-forested sites, they continue to receive relatively high loads
of acidic pollutants and remain considerablymore acidiﬁed. Conse-
quently, there is clear scope for further reductions in [xSO2−4 ] that
would promote further recovery in [Alinorg] and pH, to the beneﬁt
of these aquatic ecosystems. Large uncertainties remain over the
likely future hydrochemical signatures of our upland waters, par-
ticularlywith respect to future trajectories for [NO−3 ] concentration,
and the possible impact of future changes and increased short-term
variability in climate on an increasingly soluble soil organic carbon
stock.
Now over two decades in length, the AWMN hydrochemical
record continues to broaden our understanding of the biogeo-
chemical processes underpinning these systems. AWMN data are
nationally unique in combining geographical coverage, quality,
longevity and breadth of monitoring activity (hydrochemical and
biological). They assist in reﬁning the process-based models that
allow wider spatial and temporal extrapolation, and provide a
baseline against which the effects of future changes in climate
and land management on hydrochemistry and ecosystem health
can be assessed. The value of the latter should be more widely
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ecognised, particularly in the context of Water Framework Direc-
ive (WFD) surveillance monitoring. In the traditional context of
tmospheric pollution, the UK AWMN, together with similar moni-
oring programmes in other industrialised countries, continue to
rovide one of the most effective means of assessing the long-
erm impacts of anthropogenic activity on the biogeochemistry of
emi-natural systems.
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